The apparent moments of inertia of Callisto and Titan inferred from gravity 6 data suggest incomplete differentiation of their interior, commonly attributed 7 to slow and cold accretion. To understand whether such large icy moons can 8 really avoid global melting and subsequent differentiation during their accre-9 tion, we have developed a 3D numerical model that characterizes the thermal 10 evolution of a satellite growing by multi-impacts, simulating the satellite growth 11 and thermal evolution for a body radius ranging from 100 to 2000 kilometers.
layer of ice-rock mixture between a rocky core and a outer ice-rich mantle, un-48 less the rocky core is mostly composed of highly hydrated minerals (Sohl et al., evolution of the growing moon (Kraus et al., 2011) . 162 163 As already explained in the introduction, we neglect here the velocity at 164 infinity of the impactor (v ∞ = 0) as we want to determine the maximal size 165 a moon can reach without significant melting. For simulations presented here, 166 we do not consider any transplanetary impactor with v imp v esc (Squyres 
where ρ is the mean density of the moon, h m represents the volume effec- for an impacted body with a radius ranging from 1000 km to 2500 km, v imp < 3 181 km/s and ∆T 0 ranges from ∼ 10 K to 100 K . Obviously, if the velocity at 182 infinity is non negligible, the delivered energy and hence temperature increase 183 would be higher. However, as we want to determine the maximum radius that 184 a growing satellite can reach without significant melting, we consider the most 185 favorable case where the velocity at infinity is zero. 186 8 from the surface of the isobaric core (Pierazzo et al., 1997; Kraus et al., 2011) 189 (see Fig. 1 ). This pressure decay can be faster for an ice/rock mixture than 190 for terrestrial material because of the ice properties (Kraus et al., 2011) . Just 191 after the adiabatic pressure release, the thermal perturbation corresponds to an 192 isothermal sphere of radius r ic and temperature T 0 + ∆T 0 that decays when 193 r > r ic as (see Fig. 1 )
where r is the distance from the centre of the isobaric core, T 0 is the pre-195 impact temperature and m is the power characterizing the temperature decrease 196 from the isobaric core (Pierazzo et al., 1997; Senshu et al., 2002) . The post-
where v imp is the impactor velocity, v esc is the escape velocity of the impacted 211 moon, ρ imp is the impactor density, R is the radius of the moon (in km) and 212 θ is the impact angle. For simplicity, we assume ρ imp = ρ and we set θ = 45 •
213
(the most likely angle of impact and the average value for a uniform bombard-214 ment (Shoemaker , 1962) ). a 0 , a 1 , a 2 , a 3 , a 4 and a 5 are constant values listed 215 in If the transient crater diameter is smaller than a critical value D c , no later 219 significant modifications occur and its final diameter is D f = D c . Among the 220 parameters listed in Table 2 , D c is the one that exhibits the largest range of 221 values as this parameter depends on the mechanical properties and gravity of 222 each icy moon (McKinnon et al., 1991; Zahnle et al., 2003) . D c typically ranges 223 between 2-3 km for Ganymede and Callisto and up to 15 km for most of the 224 medium-sized satellites (Schenk et al., 2004) . Hence, D c is expected to vary 225 during the growth of the icy moon. Here for simplicity we consider a single 226 value, D c = 15 km (see Table 2 ). In our models, the majority of the impacts 227 leads to the formation of craters that are larger than D c . Above D c , the post-228 impact strength of the target material is insufficient to prevent collapse under 229 gravity, crater modifications occur, resulting in a complex crater with a flat 230 floor, a central peak or peak ring, and a terraced rim. Its final diameter thus 231 becomes:
of the transient simple crater diameter (Pike, 1977; Schenk , 1991) :
We consider that the maximum ejecta thickness δ 0 at the crater rim is 235 (Schenk , 1991) : to a reference elevation with a power −n. We define ∆H(η, ξ) as the elevation 241 variation between the post-impact topography and a reference elevation (equal 242 to 0 far form the impact site):
where η is the longitude and ξ the latitude. r is the distance from the crater center :
with R t the mean radius of the growing moon, η imp the impact longitude and 244 ξ imp the impact latitude.
245
The fraction of material from the impactor and from the impacted body es-247 caping the growing moon decreases with decreasing impact velocities (Asphaug, 248 2010; Korycansky and Zahnle, 2011). For impact velocities considered in our 249 models (v imp = v esc < 3 km.s −1 ) and for 45 • impact angle, the accretion is 250 supposed to be efficient and this fraction should remain small (less than 10% of 251 the impactor's mass) (Asphaug, 2010; Korycansky and Zahnle, 2011) . After a 252 large impact, part of the material beneath the impact site is excavated and re-253 deposited within the ejecta rim (see Fig. 1 ). We thus set n from Eq.7 to a value 254 typically ranging between 2 and 3 in order for the efficiency of mass accretion 255 to be close to 100% during the whole accretion period and we consider that the 256 whole impactor is deposited in the ejecta rim.
258
The temperature of this material depends on the pre-impact temperature, 259 the temperature increase from the impact and the temperature of the impactor.
260
The volume fraction of excavated material that is shock-heated increases with 261 final crater size and this hot material is redeposited in the most external part of 262 the ejecta rim (Maxwell , 1977; Barnhart and Nimmo, 2011) . Hence, the thermal 263 repartition within the ejecta rim should also depend on the interactions between 264 the ejected material and the atmosphere during the excavation and the fallback 265 processes (Kieffer and Simonds, 1980) . For simplicity, we will consider in our 266 models that the temperature of the ejecta rim is the average temperature below 267 the impact site over a cylindrical volume with a diameter D f and a thickness 268 z f .
269
The accretion of an icy moon is the result of material deposited from a wide 271 range of impactor sizes (i.e. from dusts to 100 km size objects). In the following 272 sections we describe our model of accretion from multi-impacts. are randomly drawn so that an isotropic impact flux is obtained. To limit the 282 computation time, a lower size limit, r min , is imposed on the impactor distri-283 bution (see Fig. 2 ). Below this lower limit, individual impact events are not 284 simulated and a parameterized approach using successive deposit layers is used 285 (see section 3.3 for further details). We assumed a lower limit, r min , typically 286 between 1 and 10 km. We also prescribed an upper limit, r max , typically 100- where m li is the mass accreted from large impactors and m acc is the total 305 mass accreted. We define the total accretion rate τ acc as 306 τ acc = τ acc,li + τ acc,lay
where τ acc,li is the accretion rate from large impacts and τ acc,lay is the ac-307 cretion rate from small impactors modelled as thin layer deposits (see section 308 3.3). We assume that the composition of the icy moon (and of the impactor) is 309 a mixture of ice and rocks and that its density ρ is uniform with depth. To account for the pre-impact topography, we use the multi-cratering ap-312 proach developed by Howard (2007). At the i th impact, the new elevation
We consider here no late deformation of the topography before the impact (the 316 degree of inheritance is 1 inside and outside the crater (Howard , 2007) ). After
the mean radius of the growing moon increases from
The growth of the satellite requires that at least part of the impactor material 321 remains on the growing satellite. Since we consider that the volume of the 322 impactor is retained within the ejecta rim in our models, this growth requirement 323 provides constraints on the scaling law describing the ejecta blanket distribution.
324
For large n values, the topography decreases rapidly from the crater rim and the 325 volume of material accumulated in the ejecta rim decreases. On the contrary, mean radius resulting from the 100% accretion of 1.4 × 10 6 impactors ranging 333 from 10 to 100 km radii. From this figure, we see that increasing n decreases 334 the mass accumulated and leads to a growth that is less than 100% accretive.
335
For n = 3, the accretion is not fully efficient and about 30% of the impacted 336 mass remains on the impacted body while for n = 2.5, 95% is accreted (see 337 Fig. 3 ). For n values smaller than 2.5, the growth is unrealistic since it is more 338 than 100% accretive. We choose a value of 2.5 which maximize the fraction of 339 accreted material.
As explained previously, for numerical reasons, individual impact events for 342 r < r min are not simulated. We consider that the accreted mass from small 343 impactors is averaged and uniformly added on the surface. For a prescribed 344 accretion rate, τ acc,lay = τ acc × (1 − x m,li ), the thickness δ lay of the uniform 345 layer deposit between two individual large impacts is then:
At any point at the surface, this additional layer is added uniformly. We 347 assume that the temperature of this deposit layer is homogeneous over the entire 348 thickness δ lay . The layer temperature depends on the radius of the growing 349 moon R t and is calculated following an approach that is similar to the "classic" , 1996) . Hence the corresponding temperature profile is:
Considering that v 2 To maintain an accurate spatial resolution in our models during the entire 390 accretion, we subdivide the accretion in successive stages between which the 391 mesh grid is modified. Between two stages, the temperature field from the 392 previous regime is interpolated on the mesh grid that we use in the next regime 393 (see Fig. 4 ). The free accretionary parameters of our models are the ratio of When the moons reach a radius of 1050 km, the temperature barely exceeds 438 19 120 K in the cold accretive case, while it can reach values up to 250 K (near the 439 melting point of water ice) for the hot accretive scenario. As we will show later 440 in section 4.2, although the obtained temperature fields are very different in 441 these two cases, this has no major influence on the evolution of the temperature 442 field in the outer part above 1000 km. Fig. 4 (third column) also represents the 443 3D topography at the surface of the icy moon at the end of the two stages. As 444 we increase the r min and r max values between the two simulations, the impact 445 craters become larger and the contrast in topography (the difference between 446 the R(η, ξ) and the mean radius R) also increases. Estrada and Mosqueira (2011). According to Fig. 9 , it is difficult to envision a 543 cold accretion as soon as γ lay is larger than 0.3 even with small γ li . However, 544 we may envision that the icy moon grows unmelted up to a radius of 1200 km 545 even with γ li > 0.5 only if γ lay is smaller than 0.15. 546 23
Conclusion

547
We have developed a 3D numerical model that accounts for the influence of 548 large impacts on the thermal evolution of growing icy satellites and have consid-549 ered the least efficient scenarios and parameters to initiate melting. Our results
550
show that the size distribution of impactors (i.e. ratio between large and small 551 impactors) is a key factor in determining the temperature increase during the 552 accretion stage. We show that the accretion rate as well as the thermal state 553 of the satellite embryo only play a minor role, therefore the apparent degree of 554 differentiation of a satellite's interior cannot be used to constrain the duration 555 of its accretion.
557
Our simulations confirm that the most crucial parameter is the coefficient 558 of impact energy conversion into heat (γ lay and γ li ). Our results show that it 559 is impossible to avoid significant melting during accretion, unless the fraction 560 of impact energy retained as heat is very low, in the order of 10%. Such an 561 inefficient conversion rate is difficult to explain and does not seem realistic with 562 respect to available estimates from impact experiments (e.g., Ahrens and Okeefe, 563 1985). Much lower initial temperature of the impactors as well as more efficient 564 subsurface cooling associated with impact gardening (not modelled explicitly 565 here but included in the γ lay conversion efficiency) may reduce the effective 566 conversion rates (Anderson, 1989) . Lower environment temperature (< 100 K) 567 may also increase the cooling rate of the shallow layers. Therefore, the absence 568 of extensive melting during accretion may reflect a very cold ambient subnebula 569 rather than a long accretionary timescale. Several additional heat sources such as radiogenic heating, tidal/despinning 572 heating or heating associated with high-velocity impact, have not been consid-573 24 ered in the heat budget in our model. Including these would require an even less 574 efficient energy conversion and storage to avoid melting and subsequent differen-575 tiation. We also made the conservative assumption that the impacts are 100% 576 accretive. If some fraction of impact is not fully accretive, more impacts are 577 needed to accrete the same mass resulting in more impact energy. Hence, the 578 temperature increase would be higher and melting even more likely. Therefore, 579 the maximal radii of the accreted satellite reached without significant melting 580 in our simulations can be considered as upper limits.
582
Based on our simulations, when more than 10% of the accreted mass is 583 brought by impactors larger than 1 km, it seems unlikely that a satellite larger 584 than 2000 km may accrete without significant melting unless the environment 585 is extremely cold and the conversion rate of impact energy unrealistically low 586 (< 10 − 15%) . If the accretion is dominated by km-size impactors, impact-587 induced melting may occur for radii as small as 1100-1500 km. Above this 588 critical radius, separation between liquid water and rock should initiate, thus 589 leading to the accumulation of dense rock blocks above the undifferentiated core 590 consisting of a mixture of rock and ice (e.g., Kirk and Stevenson, 1987) . The 591 dense layer of accumulated rock is gravitationally unstable, and in such condi-592 tions it is difficult to avoid subsequent full separation of rock and ice phases.
593
Depending on the size of the core and thickness of the rocky layer, the differen-state. Figure 2 : Schematic representation of the cumulated number of impacts as a function of the impactor mass. All the material with a mass smaller than m min (i.e. with r < r min ) is deposited as a thin global layer over the moon surface. The impactors with a mass ranging from m min and mmax are considered here as successive impact events (selected randomly) and their effects (impact cratering and heating) are treated individually. (Fig. 4, middle column) . Temperature colour scale is saturated in white for temperature at the melting point (> 273 K). Between each regime (early, intermediate, late), the temperature field is interpolated to a larger mesh grid. In the "Late regime", γ li = 0.1, γ lay = 0.3, x m,li = 33%, r min = 10 km and rmax = 100 km for both the left and middle columns. Figure 9 : Melting behaviour of a growing icy moon as a function of the energy conversion coefficients γ lay and γ li . For black-filled symbols, R crit < 1200 km. For brown-filled symbols, 1200 < R crit < 1500 km. For white-filled symbols, R crit > 1500 km. In these simulations, the accretion rate is set to 0.15 M T itan /M yr and the mass fraction of material accreted from large impacts is x m,li = 33%. In the grey domain, γ lay > γ li and the corresponding cases are not considered here.
